Introduction
Unlike a single-phase synchronous generator, a stand-alone single-phase induction generator (IG) is capable of supplying a sinusoidal voltage directly to single-phase loads because the armature reaction does not occur. In particular, utilizing a three-phase IG for single-phase output decreases the power pulsations and can improve the power density in addition to the reduction of vibration and noise. However, these IGs have a disadvantage in that they do not have a source of reactive power. Therefore, if the IGs are not used for a long term, the remanent magnetism of the rotor is lost and generating the electric power becomes impossible.
In this paper, single-phase operation of a stand-alone permanentmagnet induction generator (PMIG) that has a permanent-magnet (PM) rotor inside a squirrel-cage rotor is analyzed using the method of symmetrical components, and its results are compared to those of the same-sized conventional IG. The validity of the theoretical analysis is also confirmed experimentally.
Circuit Connection
The circuit connection for a stand-alone single-phase PMIG using the Steinmetz connection is shown in Fig. 1 . The shunt capacitance C sh provides the reactive power for initiating and sustaining selfexcitation. Moreover, when the load current I L increases, the series capacitance C se provides additional reactive power and compensates for the variation in output voltage V L .
Since the negative-sequence rotating field is almost canceled by the squirrel-cage rotor, the built-in PM rotor is little affected by it.
Typical Results
The theoretical analysis and experiments were conducted on a Fig. 1 . Circuit connection of a stand-alone PMIG with single-phase output four-pole prototype PMIG (2.2 kW, 200 V, 9.0 A, and 60 Hz). As a result, it was found that the values of C sh and C se needed for PMIG's operation are almost equal to those of the conventional IG. Therefore, the performance of the PMIG and the conventional IG was compared under the same values of C sh and C se . Fig. 2 shows the variation of generation frequency f G versus output power P out . As shown in this figure, the variation in f G of the PMIG is smaller than that of the conventional IG. Fig. 3 shows the experimental variation of efficiency η versus P out . Compared to the conventional IG, η of the PMIG is higher and its difference is notable in a small range of P out .
Conclusion
This paper has analyzed the performance of a stand-alone PMIG with single-phase output. Calculation and experimental results show that containing a PM rotor generates electric power without fail and contributes to the improvement of efficiency and frequency variation. 4. 
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